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IN VITRO DNA SYNTHESIS REACTIONS USING PHI29 DNA POLYMERASE AND A DNA 
FRAGMENT ENCODING SAID POLYMERASE 



Background of the Invenrion 
This invention relates to DNA polymerases 
suitable for DNA sequencing. 

DNA sequencing involves the generation of four 
populations of single-stranded DNA fragments, having one 
defined terminus and one variable terminus. The 
variable terminus always terminates at a specific given 
nucleotide base (either guanine (G), adenine (A) / 
thymine (T) , or cytosine (O). The four different sets 
of fragments are each separated on the basis of their 
length, on a high resolution polyacrylamide gel; each 
band on the gel corresponds colinearly to a specific 
nucleotide in the DNA sequence, thus identifying the 
positions in the sequence of the given nucleotide base. 

Generally there are two methods of DNA 
sequencing. One method (Maxam and Gilbert sequencing) 
involves the chemical degradation of isolated DNA 
fragments, each labeled with a single radiolabel at its 
defined terminus, each reaction yielding a limited 
cleavage specifically at one or more of the four bases 
(G, A, T or C) , The other merhod (dideoxy sequencing) 
involves the enzymatic synthesis of a DNA strand. Four 
separate syntheses are run, each reaction being caused 
to terminate at a specific base (G, A, T or C) via 
incorporation of the appropriate chain terminating 
dideoxynucleotide. The latter method is preferred since 
the DNA fragments are uniformly labelled (instead of end 
labelled) and thus the larger DNA fragments contain 
increasingly more radioacrivity . Further, 
35 S-labelled nucleotides can be used in place of 
32 P-labelled nucleotides, resulting in sharper 



definition; and the reacrion products are simple to 
interpret since each lane corr sponds only to either G, 
A, T or C. The enzymes used for most dideoxy sequencing 
is the Escherichia coli DNA-polymerase I large fragment 
("Klenow"), AMV reverse transcriptase, and T7 DNA 
polymerase (Tabor et al., U.S. Patent 4,795,699). The 
T7 DNA polymerase used for sequencing is said to be 
advantageous over other DNA polymerases because it is 
processive, has no associated exonuc lease activity, does 
not discriminate against nucleotide analog 
incorporation, and can utilize small oligonucleotides as 
primers. These properties are said to make the 
polymerase ideal for DNA sequencing. Id . 

Summary of the Invention 

In a first aspect, the invention features an 
improved method for determining the nucleotide base 
sequence of a DNA molecule. The method includes 
annealing the DNA molecule with a primer molecule able 
to hybridize to the DNA molecule; incubating the 
annealed mixture in a vessel containing four different 
deoxynucleoside triphosphates, a DNA polymerase, and one 
or more DNA synthesis terminating agents which terminate 
DNA synthesis at a specific nucleotide base, wherein 
each the agent terminates DNA synthesis at a different 
nucleotide base; and separating the DNA products of the 
incubating reaction according to size, whereby at least 
a part of the nucleotide base sequence of the DNA can be 
determined. The improvement is provision of a DNA 
polymerase which is a <t>29-rype DNA polymerase. 

By 4>29-type DNA polymerase is meant any DNA 
polymerase isolated from the related phages which 
contain a terminal protein used in the initiation of 
replication of DNA. These phages are generally 
described by Salas, 1 The Bacteriophages 169, 1988. 
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These phages are closely related in the structure of 
th ir DNA polymerases, some differing by as few as 6 
amino acid changes with 5 of those amino acids being 
replaced by similar amino acids. These phages have a 
short inverted terminal repeat sequence of length 
between about 6 and 300 nucleotides. These polymerases 
have a highly active 3' -5' exonuclease activity, but no 
5' -3' exonuclease activity. Surprisingly, although they 
are related to the T4 family of DNA polymerases, they 
are able to adequately recognize chain terminating 
agents such as dideoxynucleosides and therefore are 
useful for DNA sequencing. This ability is even more 
surprising since the exonuclease is known to recognize 
both deoxy and dideoxy ADP. Blanco et al . 13 Nuc . Acid. 
Res. 1239, 1246, 1985. 

In preferred embodiments, the <t>29-type DNA 
polymerase is that polymerase in cells infected with a 
<j>29-type phage; the 4>29-type DNA polymerase is 
chosen from 4>29, Cp-l, PRDl, 4>15, <t>2l, PZE, PZA, 
Nf, M2Y, B103, SF5, GA-1 , Cp-5 , Cp-7 , PR4 , PR5 , PR722, 
and L17; the 4>29-type DNA polymerase is a modified 
polymerase, having less than ten percent of the 
exonuclease activity of the naturally-occurring 
polymerase, most preferably the polymerase has less than 
one percent, and even more preferably has substantially 
no exonuclease activity; and the terminating agent is a 
dideoxynucleotide . 

In a related aspect, the invention features a 
kit for DNA sequencing including a supply of 4>29-type 
DNA polymerase, together with a supply of a chain 
Terminating agent. By kit is meant a container designed 
to keep these two components separated from each other , 
preferably in condition for use in a DNA sequencing 
reaction. 



In anoth r related aspect/ the invention 
features a DNA fragment encoding a modified $29-type 
DNA polymerase, wherein the polymerase has sufficient 
DNA polymerase activity for use in DNA sequencing, and 
an exonuc lease activity which is less than 10% the 
activity of the corresponding naturally occurring 
4>29-type DNA polymerase. 

By corresponding is meant that the modified 
polymerase is derived from a naturally occurring 
polymerase, generally by in vitro mutagenesis of the DNA 
sequence encoding the latter polymerase, and the latter 

is the corresponding polymerase. 

In preferred embodiments, the DNA fragment is 
modified to substantially eliminate the 
naturally-occurring exonuclease activity; and the DNA 

fragment includes a DNA sequence encoding a <t>29 DNA 

polymerase in which the amino acid moiety at position 

12, 14, or 16 of the polymerase is replaced by an 

alanine moiety. 

The invention also features a <|>29-type DNA 

polymerase produced from the above described DNA 

fragments. 

In another aspect, the invention features an 
improved method for amplification of a DNA sequence. 
The method includes annealing a first and second primer 
to opposite strands of a double-stranded DNA sequence, 
and incubating the annealed mixture with a DNA 
polymerase. The improvement includes employing as the 
DNA polymerase a 4>29-type DNA polymerase. 

In preferred embodiments, the first and second 
primers have their 3 ' ends directed towards each other 
after annealing; the method further includes, after the 
incubation step, denaturing the resulting DNA, annealing 
the first and second primers to the denatured DNA and 
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incubating the last annealed mixture with the 
polymeras ; the cycle of denaturing, annealing,, and 
incubating is repeated from 10-40 times; the 4>29-type 
DNA polymerase is selected from: $29 , Cp-1, PRD1, 
5 4>15, 4>21, PZE, PZA, Nf, M2Y, B103, SF5 , GA-1 , Cp-5 , 
Cp-7, PR4, PR5, PR722, and L17; the DNA polymerase 
exhibits less than 10% of the naturally-occurring 
exonuclease activity exhibited by the corresponding 
naturally-occurring polymerase, most preferably the 

10 polymerase has no detectable exonuclease activity. 

In a further aspect, the invention features a 
method for production of DNA molecules of greater than 
10 kilobases in length. The method includes providing a 
template DNA molecule; annealing a primer with the 

15 template molecule; and incubating the annealed primer 
and template molecules in the presence of a $29-type 
DNA polymerase, and a mixture of four different 
deoxynucleoside triphosphates. 

The invention also features a method for 

20 amplification of a heterologous DNA molecule including 
covalently bonding a <t>29-type terminal DNA sequence at 
one end of the DNA molecule to form a product; and 
incubating the product in the presence of a 4>29-type 
DNA polymerase and a terminal protein (see below) of a 

25 $29-type DNA polymerase. 

By heterologous is meant any DNA which does not 
naturally occur within a 4>29-rype phage DNA molecule. 
This includes DNA encoding any desired protein. 

A terminal DNA sequence is a sequence which 

30 naturally occurs at one or both ends of a <t>29-type 

phage DNA which may be berween 6 and 300 bases long. 
This sequence is specifically recognized and bound by a 
terminal protein, for example, the p3 protein of 4>29. 

In preferred embodiments, the method includes 



providing a 4>29-type terminal DNA sequence at each end 
of the DNA molecule to be amplified; the terminal 
sequence is provided on a DNA fragment of less than 500 
nucleotides; and the terminal protein is the terminal 
protein of the 4>29-type phage in which the $29-type 
DNA polymerase naturally occurs. 

This invention provides a DNA polymerase which 
is highly processive, and may be produced with a low 
exonuclease activity. The high processivity of the 
polymerase makes it suitable, not only for DNA 
sequencing, but also for amplification of very large 
fragments of DNA (in excess of 10 kilobases in length). 
This makes the polymerase useful in a polymerase chain 
reaction (PCR)-type procedure or in replicative-type , 
protein primed, extension reactions. These long lengths 
of DNA are of use in forensic work, when small samples 
of DNA are available, and for restriction fragment 
length polymorphism analysis. 

Other features and advantages of the invention 
will be apparent from the following description of the 
preferred embodiments thereof, and from the claims. 

Description of the Preferred Embodiments 

The drawing will first briefly be described. 

Drawing 

The Figure is a represent ion of the amino acid 
sequence of various DNA polymerases showing sites of 
homology between the polymerases. Sxo l , Exo II and ExoIII 
refer to the three regions of amino acid homology found 
among the different DNA polymerases compared in the 
Figure. Stars indicate the E. coli DNA polymerase I 
residues involved in either metal binding, or 
exonucleo lytic catalysis. Asterisks indicate the E. 
coli DNA polymerase I residues involved in 
single— stranded DNA binding. Boxes shown by lines or 
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arrows, and letter d or numbered, are a-helix and 
0-sheet r gions r spectively of DNA polymerase I. 
DNA Polymerase 

In general, a DNA polymerase of this invention 
is processive. and has naturally-occurring exonuclease 
activity associated with it. In some preferred 
embodiments, the DNA polymerase has little or no 
associated exonuclease activity. These polymerases also 
have a strand-displacement activity. 

By processive is meant that the DNA polymerase 
is able to continuously incorporate nucleotides using 
rhe same primer template, without dissociating from 
either or both the primer or the template molecules, 
under conditions normally used for DNA sequencing 
extension reactions, or other primer extension 
reactions. Generally, polymerases of the present 
invention will remain bound to the extended primer or 
template for at least 1-2 kilobases, generally at least 
5kb-10kb, under suitable environmental conditions. 

The ability of the polymerases of this 
invention to produce strand-displacement is advantageous 
in this invention beause, in combination with high 
processivity, it allows synthesis of long DNA molecules 
of at least 70kb, or even greater. Strand displacement 
activity is measured by any standard technique, for 
example, a polymerase may be incubated in a mixture with 
a single-stranded circular DNA molecule (e.g., M13) and 
a primer. If DNA molecules of length greater than the 
original circular molecule are synthesized, then the 
polymerase is able to displace DNA strands of a 
double-stranded molecule and continue to synthesize 
DNA — thus, it has a strand displacement activity. Such 
activity is generally present in a single protein 
molecule, e.g., p2 of 4>29 , and does not require energy 
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in the form of ATP or its equivalent, utilizing only the 
standard deoxynucleoside triphosphates required to 
synthesize DNA. This activity is also observed when DNA 
synthesis is initiated by a terminal protein, e.g., ?3 
of 4>29. 

The exonuclease activity associated with DNA 
polymerases of this invention does not appear to 
significantly interfere with the use of the polymerase 
in a DNA sequencing reaction. However, it is preferred 
that the level of exonuclease activity be reduced to a 
level which is less than 10% or 1%, preferably less than 
0.1% of the activity normally associated with DNA 
polymerases isolated from cells infected with 
naturally-occurring bacteriophage. 

The DNA polymerases of this invention include 
polymerases which have been genetically modified to 
reduce the exonuclease activity of that polymerase, as 
well as those which are substantially identical to a 
naturally-occurring <t>29-type DNA polymerase or a 
modified polymerase thereof, or to the equivalent 
enzymes enumerated above. Each of these enzymes can be 
modified to have properties similar to those of the 
<t>29 DNA polymerase. It is possible to isolate the 
enzyme from phage-inf ected cells directly, but 
preferably the enzyme is isolated from cells which 
over-produce it . 

By substantially identical is meant that the 
enzyme may contain amino acid substitutions which do not 
affect the overall properties of the enzyme. One 
example of a particularly desirable amino acid 
substitution is one in which the natural enzyme is 
modified to remove any exonuclease activity. This 
modification may be performed by genetic or chemical 
means . 
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As an xample of this invention we shall 
describe the use of 4>29 DNA polymerase in a variety of 
useful procedures. This example is not meant to be 
limiting to the invention; those skilled in the art will 
recognize that any of the above enumerated DNA 
polymerases can be similarly used in the manner 
described below. 
4>29 DNA Polymerase 

Bacteriophage 4>29 is a linear double-stranded 
DNA molecule having a protein of 31 kD covalently linked 
at the 5' end. This terminal protein, termed p3, is zhe 
product of viral gene 3, and is linked to the DNA by a 
phosphoester-bond between the OH group of a serine 
residue and 5'-dAMP. <t>29 replication is initiated az 
either DNA end by a protein priming mechanism in which a 
free molecule of the terminal protein p3 reacts with 
dATP to form a protein-p3-dAMP covalent complex that 
provides the 3' OH group needed for elongation. The 
initiation reaction requires, in addition to the gene 3 
product and the <t>29 DNA-protein p3 template, the 
product of the viral gene 2 (p2), which is the DNA 
polymerase. Protein p2 produced from gene 2 has a 
molecular weight of 66.5 kD. Associated with protein p2 
is a 3' -5' exonuclease activity active on single 
stranded and to some extent on double stranded DNA. 
Protein p2 may be purified by standard procedure from E. 
coli cells harboring a gene 2 containing recombinant 
plasmid, as described by Blanco et al . , 29 Gene 33, 
1984. The protein may be further purified by passage 
over a phosphocellulose column, as described by Blanco 
et al., 13 Nuc. Acid. Res. 1239, 1985. Blanco et al . , 
id., also describe an exonuclease assay suitable for 
determination of inacrivation of the exonuclease 
activity by genetic manipulation, as described below. 
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Other nzymes associated with p2 and p3 in bacteriophage 
<f>29 include p5 and p6, which increase the efficiency 
of polymerization by p2, as described by Salas, 109 
Current Topics in Microbiology and Immunology 89, 1983. 
Exonuclease Mutants 

We shall now briefly describe the cloning of 
4>29 DNA polymerase and the manipulation of the p2 gene 
to produce examples of exonuclease mutants useful in 
this invention. 

The starting plasmid was pBw2, which is a 
pBR322 derivative conraining gene 2 of phage <t>29 , 
coding for the 4>29 DNA polymerase, and including its 
ribosome-binding sequence (RBS) (Blanco et al . 29 Gene 
33, 1984). In this construction the putative ATG 
initiation codon for the 4>29 DNA polymerase is located 
30 bp downstream a unique Hin di I I restriction site. 
Plasmid pBw2 was linearized with Hin d III and subjected 
to a controlled digestion with the nuclease Bal31. The 
DNA was then digested with the restriction nuclease 
Sea l , which cuts 444 base pairs downstream gene 2, and 
the 5* protruding ends were filled- in with the Klenow 
fragment of E. coli DNA polymerase I . The DNA fragment 
containing gene 2 was ligated with the T4 DNA ligase to 
plasmid pAZe3ss (Zaballos et al., 58 Gene 67, 1987) and 
digested with Nco l , whose 5 ' protruding ends were then 
filled-in using Klenow fragment. The ligation product: 
was used to transform competent E . coli M72 cells 
(lysogenic for bacteriophage "X and containing the 
temperature-sensitive cI857 repressor) and 
ampicillin-resistant bacteria selected. The latter were 
replica-plated in plates containing ampicillin (100 
.ii /ml) by growing them overnight at 30°C, followed by 3 
h ar 42°C. The colonies were transfered ro 
nitrocellulose filters and lysed with 0.1% sodium 
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dodecyl sulfat . The filters were washed, incubated 
with rabbit anti-<t>29 DNA polymerase serum (produced by 
standard procedure) and the <t>29 DNA 
polymerase-containing colonies were detected by 
incubation with [ 125 I] protein A followed by 
autoradiography. DNA sequencing of the selected clones 
allowed selection of the recombinant plasmids pAZw20 0 
and pAZa203, which include 4>29 DNA starting at the ATG 
triplets corresponding to position 2869-2867 and 
2860-2858, respectively, in the open reading frame 
ceding for p2, from the left <l>29 DNA end (Yoshikawa et 
al., 17 Gene, 323, 1982). When the E . coli M72 cells, 
transformed with the recombinant plasmids pAZw200 or 
pAZa203, containing the gene coding for the <t>29 DNA 
polymerase under the control of the ?^ promoter of 
bacteriophage \ and with the RBS of gene ner of 
bacteriophage Mu, were grown at 30°C and then shifted ro 
42°C for 20 min to inactivate the X CI857 repressor, 
followed by 2 h at 38°C, enzymatically active 4>29 DNA 
polymerase was synthesized. About 150 and 300 \xg of 
highly purified <t>29 DNA polymerase was obtained per g 
of cells transformed with the recombinant plasmids 
pAZw200 and pAZa203, respectively. 

The Eco RI- Hin d III fragment from the 
recombinant plasmid pAZw200, containing the <t>29 DNA 
polymerase gene and the RBS of gene ner of bacteriophage 
Mu was ligated, using T4 DNA ligase, to the 
EcoRI-Hindlll sites of the replicative form of 
bacteriophage M13mpl9. E. coli JM103 cells were 
transfected with such DNA and white plaques were 
selected in places containing X-gal and 
isopropilthiogalactoside (IPTG). The selected plaques 
were amplified in liquid medium and the replicative form 
was isolated to check (by restriction analysis) the 
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presence of the desired EcoRI-Hindlll fragment. The 
single-stranded DNA was also isolated and used for 
site-directed mutagenesis, carried our as described by 
Nakamaya et al . , 14 Nucl. Acids Res. 9679, 1986. The 
synthetic oligodeoxynucleo tides used for the 
site-directed mutagenesis were: 

1 ) 5 1 AGTTGTGCCTTTGAGAC 

2 ) 5 ' GACTTTGCGACAACTAC 

3) 5' CTCAAATTTGCCGGAGC 

The recombinant clones containing point 
mutations were selected by hybridization to the 
corresponding mutagenic oligonucleotides 5" 
[ 32 ?]-labeled with T4 polynucleotide kinase and 
[Y~ 32 P] ATP. Single-stranded DNA was isolated from 
the selected clones and the sequence of the complete DNA 
polymerase gene was determined to check that each clone 
contained only the desired mutation. The Eco RI- Bst BI 
fragment from the different clones was ligated with T4 
DNA ligase to the same sites of plasmid pABw2, which 
contains the EcoR I- Hin dlll fragment of plasmid pAZw200 
cloned at the corresponding sites of plasmid pT7-3 of 
the pT7 series (Tabor et al. 82 Proc . Natl. Acad. Sci. 
USA, 1074, 1985), under the control of the 4>10 
promoter of bacteriophage T7 . This EcoRI-BstBI fragment 
replaces the wild-type sequence in that region by the 
corresponding mutant sequence. In this way, the 
recombinant plasmids pABn2D12A, pABn2E14A, pABn2D66A, 
pABn2D 1 2 AD 6 6 A and pABn2E 1 4 AD 6 6 A were selected, 
containing the corresponding amino acid changes from the 
amino-terminal end of the $29 DNA polymerase. The 
recombinant plasmids were used to transform E. coli BL21 
(DE3) cells containing the bacteriophage T7 RNA 
polymerase gene in the host DNA under the control of the 
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lac uvs promoter (Studier et al., 189 J. Mol. Biol. 113, 
1986) being/ therefore, inducible by IFT6. The 
ampici 11 in-res istant bacteria were analyzed for the 
presence of recombinant plasmids. Expression of the 
4>29 DNA polymerase mutant proteins was obtained by 
addition of 1 mM IPT6 to E, coli cells containing the 
recombinant plasmids, grown at 37 'C and incubated for l 
b at 37°c. Five different mutant proteins were 
obtained, with the following amino acid changes: l) 
alanine at position 12 (with reference to the first 
methionine in the gene encoding p2) in place of the 
natural aspartic acid (D12A); 2) alanine at position 14 
instead of glutamic acid (E14A); 3) alanine at position 
66 instead of aspartic acid (D66A) ; 4) alanine at 
positions 12 and 66 instead of aspartic acid (D12A, 
D66A); and 5) alanine at position 14 and 66 (E14A, 
D66A) . The different mutant proteins were purified and 
their 3 '-5' exomiolease activity determined by the above 
standard assay to be 100-1000 fold lower than that of 
the wild-type naturally occurring $29 DNA polymerase. 
Deposits 

Strains pAZW200 (wild type p2 gene), pKC30Al 
(wild type p3 gene), pABN2D12AD66A (exonuelease 
deficient p2 gene having alanine at positions 12 and 66) 
have been deposited on March 24, 1989, with the ATCC and 
assigned numbers 67920, 67918, 67919, respectively. 

Applicants 1 and their assignees, Spanish 
Research Council (consejo Superior De Invest igaciones 
Scientifieas, Serrano Mo. 117, 28006, Madrid, SPAIN), 
acknowledge their responsibility to replace these 
cultures should they die before the end of the term of a 
patent issued hereon, 5 years after the last request for 
a culture, or 30 years, whichever is the longer, and its 
r sponsibility t notify the depository of the issuance 
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of such a patent, at which time the deposits will be 
made irrevocably available to the public. Until that 
time the deposits will be made available to the 
Commissioner of Patents under the terms of 3 7 CFR 
Section 1-14 and 35 USC Section 112. 

Referring to the Figure, the oligonucleotides 
used to form the above mutants were selected by taking 
into account the amino acid sequence homology with other 
polymerases and those mutations known to reduce 
exonuclease activity of DNA polymerase I. Derbyshire et 
al. 240 Science 199, 1988. Other mutations which are 
likely to produce suitable exonuclease mutants are shown 
in the black boxes. Generally, the amino acid at these 
portions is either deleted or replaced with a different 
amino acid. Large deletions or multiple replacement of 
amino acids are also useful in this invention. After 
mutagenesis, the level of exonuclease activity is 
measured and the amount of DNA polymerase activity 
determined to ensure it is sufficient for- use in this 
invention (e.g., for DNA sequencing), being processive 
and having strand displacement activity. 
Uses 

DNA polymerases of this invention are useful in 
the following methods: 

Filling in the 3' recessed termini created by 
digestion of DNA with restriction enzymes; labelling the 
termini of DNA fragments with protruding 5 ' ends 
(filling in reaction); labelling the termini of 
blunt-ended DNA fragments or DNA fragments with 
protruding 3' termini (exchange reaction); removing the 
3' protruding termini cf DNA fragments; labelling DNA 
fragments for use as hybridization probes by partial 
digestion of double-stranded DNA using the naturally 
associated 3' -5' exonuclease activity, followed by a 
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filling r action with labelled dNTPs (displacement 
reaction); synthesis of long (over 5-10kb) as well as 
short single-stranded DNA probes containing multiple 
copies of a desired sequence, obtained by 
strand-displacement synthesis on single stranded DNA, 
such long probes may be labelled with labelled dNTPs at 
a high specific activity; random labelling of 
double-stranded DNA at a high specific activity by using 
degenerated oligonucleotide primers; second-strand cDNA 
synthesis in cDNA cloning; sequencing DNA using a 
Sanger-type dideoxy system (Sanger et al . 74 Proc . Natl. 
Acad. Sci. USA 5463, 1977) on single- and 
double-stranded DNA templates; sequencing DNA by a 
plus /minus -type method (Sanger et al . , 94 J. Mol. Biol. 
441, 1975); random mutagenesis of single- and 
double-stranded DNA templates by using an 
exonuclease-def icient DNA polymerase under conditions of 
low DNA replication fidelity; site-directed mutagenesis 
on double stranded DNA templates; gene amplification or 
synthesis of long double-stranded DNA fragments using 
synthetic oligonucleotides as primers; and amplification 
or synthesis of double-stranded DNA fragments using a 
4>29-type DNA replication system including a <t>29-type 
DNA polymerase, a terminal protein, any accessory 
proteins necessary to enhance the reaction, and a 
<t>29-type DNA-protein p3 template. 

The 4>29-type DNA polymerases are particularly 
useful for DNA sequencing, performing a polymerase chain 
reaction, and for amplification without the need for 
temperature cycling to produce extremely long strands of 
DNA. These methods will now be discussed in detail. 

Example 1 : P.CR. 

There follows an example of a polymerase chain 
reaction using 4>29 DNA polymerase. In general , the 



DNA polym rase may simply be used in place of Klenow or 
Taq polymerases. 

0.1 pmol of target DNA are mixed with 300 pmol 
each of selected oligonucleotides (15-20 mers), and 75 
nmoi of each deoxynucleoside triphosphate (1N5 mM) in 50 
ul of a buffer containing 50 mM Tris-HCl (pH 7.5) and 
10 mM magnesium chloride. The solution is brought :o 
95°C for 10 minutes, and cooled to 30°C for 1 min in a 
waterbath. 1 \xl containing 20 ng of $29 DNA 
polymerase (either wild type or an exonuclease mutant) 
is added to the mixture and the reaction allowed to 
proceed for 5 min at 30°C, after which the cycle of 
heating, cooling, adding enzyme, and reacting is 
repeated about nine times. The polymerase used is 
purified by standard procedures. 

Prior polymerases used in polymerase chain 
reactions failed to provide DNA fragments in the size 
range greater than about 2 kilobases (Saiki et al . , 239 
Science 487, 1988; Keohavong et al . , 71 Gene 211, 
1988). This relative short size is probably due to the 
secondary structure and hinder ance produced by 
reannealing of the DNA fragment, which impedes the 
progress of these DNA polymerases. Because <t>29 DNA 
polymerase has a high process ivity and strand 
displacement ability, it is an ideal enzyme for DNA 
amplification to produce long amplified molecules. 
Example 2 : DNA Sequencing 

For DNA sequencing, the sequence procedure 
using single-stranded DNA as a template was essentially 
as described by Tabor et al . , 84 Proc. Natl. Acad. Sci. 
USA 4767, 1987 with some modification. 

In the annealing reaction, the annealing 
reaction mixture (20 ul) contained 2.5 ug of 
template DNA, 60 ng of primer (a 10-fold molar ratio to 
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the template) in a buffer containing 40 mM Tris-HCl, pH 
7.5, 10 mM MgCl 2 and 75 mM NaCl . The mixture was 
heated to 65°C for 15 min and then cooled to room 
temperature (20-25°C) over 30 min. 

In the labelling reaction, a single labelling 
reaction was used for all four termination reactions. 
To the annealing mixture (20 vil) was added 20 jii of 
a mixture containing 0.6 jiM each dGTP, dTTP , dCTP and 
[a- 32 P]dATP, 2 mM dithiothreitol , 100 mM Tris-HCl, 
pH 7.5, 20 mM MgCl 2 and 8% glycerol. Labelling was 
started by addition of the <t>29 DNA polymerase (either 
wild type or exonuclease deficient, 150 ng).' Incubation 
was at room temperature for 5 min, at which time the 
reaction was complete. Four aliguots (8 \il each) of 
the "labelling" reaction mixture were used for the 
"termination" reactions . 

In the extension-termination reaction, four 
separate didecxy "termination" mixtures were prepared in 
1.0 ml microcentrifuge tubes. Each mixture (2 jjI) 
contained 20 \xM each of the three dNTPs , the remaining 
dNT? , and its corresponding dideoxy- NTP, being at 2 
uM and 200 \xK, respectively. Eight microliters of 
the above labelling reaction mixture was added to each 
termination mixture and incubated for 15 min at 30 °C. 
Three microliters of stop solution (95% formamide/20 mM 
EDTA/0.05% xylene cyanol/0.05% bromcphenol blue) was 
then added. The mixtures were heated at 95 °C for 2 min 
immediately prior to loading 6 yl onto a sequencing 
gel . 

A protocol for dour. le-stranded DNA sequence is 
similar to the above protocol but preceded by an 
alkali-denaturation step. 

For the reasons discussed above, the secondary 
structure of the DNA template may impede the progress of 



DNA polymerases . This may occur either at an 
pallindromic sequence, which may form a hairpin 
structure, or at other sequences where an enzyme pauses 
dependent upon a specific sequence. Because of the high 
processivity and strand displacement ability of 4>29 
DNA polymerases, the sequencing resulrs obtained with 
this polymerase are superior to those of the prior art. 

In the following methods it is useful to 
include accessory proteins, such as p5 and p6 in the 
reaction mix. Preparation of p6 is described by Blanco 
et ai . , 62 J. Virol. 4167, 1988. Preparation of p5 was 
as follows: 

E. coli K12AHl£trp cells carrying the gene 
5-containing recombinant plasmid pGM26 or B. subtilis 
cells infected with the phage 029 mutant sus 14(1242) 
were used as a source of protein p5 for purification. 
The protein p5 present in the E. coli extracts amounted 
to -1.4% of the total protein after 2.5 h of induction 
at 42°C, and that present in the B. subtilis extracts 
was -2,7% of the total protein. 

Ten g of E. coli K12AKlAtrp ceils harboring 
the gene 5-containing recombinant plasmid pGM26, were 
induced for 2.5 h at 42 °C, were ground with alumina (20 
g) and extracted with buffer A (50 mK Tris-HCl, pH 7.5 
5% glycerol) containing 0.3 M KC1 . The lysate was 
centrifuged for 10 min at 16,500 x g and the pellet 
reextracted with the same buffer. The two supernatants 
were pooled and precipitated with ammonium sulfate to 
65% saturation. The pellet was dissolved in buffer A, 
dialyzed against the same buffer, diluted with buffer A 
+ 20% glycerol and passed through a DEAE— cellulose 
column (2.7 cm x 10 cm) equilibrated with buffer A - 10 
mM NaCl . The column was washed first with buffer A 
20% glycerol, then with buffer A, and protein p5 was 
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finally eluted with buffer A + 50 mM NaCl . The 
fractions containing protein p5 were pooled and 
Drecipitated with ammonium sulfate to 65% saturation. 
The pellet was resuspended in 1.2 ml of buffer A + 1.4 M 
ammonium sulfate and 50% glycerol. The pellet remaining 
after centrifugation, containing most of protein p5, was 
dissolved in buffer A + 50% glycerol. Protein p5 was 
purified by a similar procedure from B. subtilis cells 
infected with the <t>29 delayed lysis mutant 
susl4(l242). In all purification steps protein p5 was 
followed by SDS-polyacryl amide gel electrophoresis. 

In some prepararions , after the last 
purification step, protein p5 was centrifuged for 24 h 
at 260,000 x g at 0°C in a 5 ml 15 to 30% (v/v) glycerol 
gradient in 50 mM Tris-HCl, pH 7.5, 0.2 M NaCl. After 
centrifugation, 0.2 ml fractions were collected and the 
presence of protein p5 was determined. 
Example 3: Replicative-tvoe Amplification 

As described above, long strands of DNA may be 
synthesized by primer elongation using a <|>29-type DNA 
polymerase. This property may be used to amplify DNA 
without the need for the temperature cycling used in 
prior polymerase chain reactions. This process makes 
use of a protein primer rather than an oligonucleotide 
primer. Generally, the terminal repeat sequences of a 
<t>29-type DNA polymerase are covaiently bonded by any 
of a number of standard methods, to each end of the DNA 
molecule to be amplified. This bonding may be by direct 
ligation of the sequence to be amplified, or may be by a 
procedure similar to site-directed mutagenesis, where an 
oligonucleotide comprising the terminal sequence is 
constructed to allow recombination of that nucleotide 
sequence to adjacent DNA which is required to be 
amplified. In ah alternrive method, a restriction 
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endonuclease may b used to randomly cur genomic DNA and 
synthetic oligonucleotides, comprising the terminal 
segu nces, plac d at these sites. In each case the DNA 
is amplified by provision of p2 and p3 proteins, along 
with nucleoside triphosphates. An example of this now 
follows: 

A preparation of <t>29 DNA protein-p3 isolated 
by standard procedure is cut with the restriction 
nuclease Cla l to produce two fragments of length 6147 
and 13138 bp. A DNA fragment containing an appropriate 
multicloning site is then ligated to join the two Cla l 
fragments. The DNA fragment to be amplified is then 
ligated to one of the multicloning sites and the 
resulting DNA is used as a template for DNA synthesis. 

The incubation mixture contains, in 25 \xl, 50 
mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , i mM dithiothreitol , 
1 mM spermidine, 20 mM ammonium sulfate, 80 jaM each 
dCTP, dGTP, dTTP and [cr.- 32 P ]dATP, 80 ng of 4>29 DNA 
polymerase, 20 ng of terminal protein p3 purified as 
described (Prieto et al . 81 Proc. Natl. Acad. Sci. USA, 
1639, 1984) from E. coli N99Xts cells harboring the 
gene 3-ccntaining recombinant plasmid pKC30Ai (Garcia et 
al., 21 Gene 65, 1983), proteins p5 (9 ug) and p6 (2 
lag) purified from 4>29-inf ected B. subtilis as 
described above, and the desired amount of template (10 
ng-1 ug) . After incubation for 60 min. at 30°C, 25 
ul containing all the components of the system except 
the template are added and the mixture is incubated 
again for 60 min. at 30°C (2nd cycle). The cycles are 
repeated in the same way several times. 
Example 4 : Synthesis of Long Strands of DNA 

The DNA polymerases of this invention permit 
ready synthesis of very long DNA molecules useful in a 
large number of applications, e.g., RFLP analysis, and 
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DNA probe construction. There follows an example of 

this m thodology. 

Single-stranded W13 DNA was hybridized with a 
17-mer M13 oligonucleotide primer. The incubation 
mixture contained, in 10 \il , 50 mM Tris-HCl, pH 7.5, 
10 mM MgCl 2 , ImM DTT, 0.5 yg of primed M13 DNA, 80 
*jM each dCTP, dGTP, dTTP and [a- 32 PJ dATP and 
<t>29 DNA polymerase (50 ng) . After incubation for 40 
min at 30°C the samples were filtered through Sephadex 
G-50 spin columns in the presence of 0.1% sodium dodecyl 
sulfate and the Cerenkov radiation of the excluded 
fraction was counted. To analyze the size of the DNA 
synthesized, a sample was subjected to electrophoresis 
in alkaline 0.7% agarose gels along with DNA length 
markers. The DNA markers were detected with ethidium 
bromide and the synthesized DNA was detected by 
autoradiography of the dried gel. In 40 min of 
incubation at 30 °C, DNA longer than 70 Kb was 
synthesized. 

Other embodiments are within the following 

claims . 
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Claims 

1. In a method for determining the nucleotide 
base sequence of a DNA molecule, comprising the steps of: 

annealing said DNA molecule witn a primer 
molecule able to hybridize to said DNA molecule; 
5 incubating the annealed mixture in a vessel 

containing four different deoxynucleoside triphosphates, 
a DNA polymerase, and one or more DNA synthesis 
terminating agents which terminate DNA synthesis at a 
specific nucleotide base, wherein each said agent 
10 terminates DNA synthesis at a different nucleotide base; 

and 

separating the DNA products of the incubating 
reaction according to size, whereby at least a part of 
the nucleotide base sequence of said DNA can be 
15 determined, 

the improvement wherein said DNA polymerase 
comprises a <t>29 type DNA polymerase. 

2. The method of claim 1 wherein said 
<t>29-type DNA polymerase is that polymerase in cells 
infected with a <t>29-type phage . 

3.. The method of claim 1 wherein said 
<|>29-type DNA polymerase is chosen from <t>29, Cp-l, 
PRD1, $15, <t>21, PZE, PZA, Nf , M2Y, B103, SF5 , GA-1, 
Cp-5, Cp-7, PR4, PR5, PR722, and L17 . 

4. The method of claim 1 wherein said 
4> 2 9 -type DNA polymerase is a modified polymerase 
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having 1 ss than ten percent of the exonuclease activity 
of th naturally-occurring polymeras . 

5. The method of claim 4 wherein said 
polymerase is modified to have less than one percent of 
the naturally-occurring exonuclease activity. 

6. The method of claim 5 wherein said 
<t>29-type DNA polymerase has substantially no 
exonuclease activity. 

7 . The method of claim 1 wherein said 
terminating agent is a dideoxynucleoside triphosphate. 

8. A kit for DNA sequencing, comprising: 
a 4>29-type DNA polymerase, and a chain 

terminating agent. 

9 . A DNA fragment encoding a modified 
<t>29-type DNA polymerase, wherein said polymerase 
comprises sufficient DNA polymerase activity for use in 
DNA sequencing, and an exonuclease activity which is 
less than 10% the activity of the corresponding 
naturally occurring <t>29-type DNA polymerase. 

10. The fragment of claim 9 wherein said DNA 
fragment encodes a DNA polymerase having substantially 
no exonuclease activity. 

11. The DNA fragment of claim 9 wherein said 
DNA fragment comprises a DNA sequence encoding a $29 
DNA polymerase in which the amino acid moiety at 
position 12, 14, or 66 of the polymerase is replaced by 
an alanine moiety. 
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12. A 4>29-type DNA polym rase produced from 
the DNA fragment of claim 9 or 10. 

13. In a method for amplification of a DNA 
sequence comprising annealing a first and second primer 
ro opposite strands of a double-stranded DNA sequence 
and incubating the annealed mixture with a DNA 
polymerase, 

the improvement comprising employing as said 
DNA polymerase a $29-type DNA polymerase. 

14. The method of claim 13 wherein said firsr 
and second primers have their 3 ' ends directed towards 
each other after annealing. 

15. The method of claim 13 wherein said method 
further comprises, after said incubation step, 
denaturing the resulting DNA, annealing said first and 
second primers to the denatured DNA and incubating the 
last said annealed mixture with said polymerase. 

16 • The method of claim 15 wherein said cycle 
of denaturing, annealing, and incubating is repeated 
from 10-40 times. 

17. The method of claim 13 wherein said 
4>29-type DNA polymerase is selected from the group 
consisting of : <t>29, Cp-1, PRD1, *15, $21, PZE, 
PZA, Nf, M2Y, B103, SF5 , GA-1, Cp-5, Cp-7 , PR4 , PR5 , 
PR722, and LI 7. 
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18. The method of claim 13 wherein said 
polym rase exhibits 1 ss than 10% of the 
naturally-occurring exonuclease activity exhibited by 
the corresponding naturally-occurring polymerase. 

19. The method of claim 13 wherein said DNA 
polymerase has no detectable exonuclease activity. 

20. A method for production of DNA molecules 
of greater than 10 kilobases in length comprising: 

providing a template DNA molecule; 

annealing a primer with said template molecule; 

and 

incubating the annealed primer and template 
molecules in the presence of a <|>29-type DNA polymerase 
and a mixture of four different deoxynucleoside 
triphosphates. 

21. A method for amplification of a 
heterologous DNA molecule comprising the steps of: 

covalently bonding a 4>29-type terminal DNA 
sequence at one end of said DNA molecule to form a 
product; and 

incubating said product in the presence of a 
4>29-type DNA polymerase, a terminal protein of a 
<t>29-type DNA polymerase and a mixture of four 
different deoxynucleoside triphosphates. 

22. The method of claim 21 further comprising 
the step of providing a 4>29-type terminal sequence at 
each end of said DNA molecule. 
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23. The method of claim 22 wher in said 
terminal s quence is provided on a DNA fragment of less 
than 500 nucleotides. 

24. The method of claim 21 wherein said 
terminal protein is the terminal protein of the 
<t>29-type phage in which the 4>29-type DNA polymerase 
naturally occurs. 
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